The Thomson coefficient of superconductive lead has been determined by a direct experiment and found to be zero (<4x 10~9 V/deg.). It has been concluded from this result that the electrons engaged in a superconductive current remain energetically at 'absolute zero. The apparent electronic specific heat of a superconductor is assumed to be due to an excitation of electrons from the lowest state. The magnetic data suggest that this apparent specific heat is proportional to T3.
The phenomenon of superconductivity has defied theoretical interpretation since its discovery nearly 35 years ago. The total experimental material so far available is very considerable and has led to a fair knowledge of its phenomenology, the thermodynamical and electromagnetic aspects of which have been brought into a fairly rigorous system by the work of Gorter & Casimir (1934) and F. & H. London (I935)* I n spite of these advances all attem pts a t an explanation of the nature of the phenomenon have proved unsatisfactory. The experimental evidence suggests th a t the phenomenon is purely a m atter of the particular system of free electrons, and th a t the periodic field of the metal ions merely serves as a suitable container whose properties are independent of the temperature. Moreover, the low character istic temperature of the phenomenon indicates th at the responsible mechanism involves only a small energy change. This points to the fact th at superconductivity originates from some process of electron interaction. This is evidently the reason why the otherwise satisfactory theory of electrons in metals offers no indication of the occurrence of superconductors, since either electron interaction or the inter action between electrons and the periodic field of the lattice is largely neglected in the fundamental assumptions.
A different line of approach to the problem is offered by experimental work, carried out under the assumption of such a hypothetical process of electron inter action, with the object of obtaining some additional information on the structure of the electronic energy spectrum of superconductors which may contribute to an elucidation of the mechanism. In this connexion the thermal properties of the electrons deserve particular attention. I t is well known th a t the total specific heat of a metal in the superconductive state is considerably larger than can be accounted for by the vibrations of the crystal lattice, except a t temperatures very near absolute zero. This excess specific heat must therefore be ascribed to the free electrons present. Furthermore, near the transition point, i.e. th a t temperature a t which the metal passes from the normal into the superconductive state in zero magnetic field, the total specific heat of the super conductor is greater than th a t of the metal in its normal state, and consequently the excess specific heat must be caused in one way or another by the presence of super conductive electrons.* This fact has quite naturally been interpreted as indicating thermal interaction between the crystal lattice and the superconductive electrons which, it has been suggested, may contribute to the total specific heat in the same manner as the atoms in a solid (cf. Burton et al. 1940, p. 298) .
On the other hand, to attribute a term of the specific heat to a system of super conductive electrons, implying therm al interaction with the lattice, appears some w hat incongruous, for the phenomena of zero resistance and persistent currents, salient features of the superconductive state, emphasize the complete lack of inter action between the electrons taking p art in these currents and the lattice. I t seems, indeed, extremely difficult to postulate interaction for the purpose of transfer of heat between the electrons and the lattice and to assume a t the same time th a t when the superconductive electrons move through the lattice in a supercurrent, no energy is exchanged. The latter fact, however, cannot be disputed in view of the great number of experiments which demonstrate beyond doubt th a t the electrical resist ance of a superconductor is zero.
I t is therefore interesting to try to determine the specific heat of the superconduc tive electrons separately in a more direct way than by the usual calorimetric measure ments which reveal only the total amount of heat taken up by the metal. The magnetic method employed by us previously (Daunt & Mendelssohn 1937) , while eliminating the specific heat of the crystal lattice gives again no indication whether the ' superconductive specific heat ' is actually taken up by those electrons which take part in the supercurrents.
A more direct indication of whether or not the electrons in these currents are capable of taking up heat will be afforded by a determination of the tem perature distribution in a superconductive wire the ends of which are a t different tem peratures. I t is clear th a t if an exchange of thermal energy takes place between the superconductive electrons and the lattice, this temperature distribution must change with the direction of motion of the electrons in the superconductor. An experiment of this kind amounts to the determination of the Thomson heat of the super conductor.
The difference between the Thomson heats of two metals is simply related to the thermoelectric power between them by where crx and cr2 are the Thomson coefficients for the metals 1 and 2 and e the therm o electric power between them. The determinations of the thermoelectric force between superconductors which have already been made (Borelius, Keesom, Johansson & Linde 1931) do not, however, permit conclusions as to the absolute value of the Thomson heat of any one superconductor to be made, since the observed fact th a t the thermoelectric force between two superconductors is zero does not exclude the possibility, as is shown by equation (1) above, th a t the Thomson heat in all super conductors has the same but finite value a t finite* temperatures. We have therefore made a direct determination of the Thomson heat in a wire of superconductive lead through which a persistent current was passing.M
e t h o d
The experimental arrangement consisted of a ring of lead wire of 1-4 mm. dia meter and 18 cm. circumference, attached a t opposite ends of a diameter to two copper vessels containing liquid helium. A diagrammatical sketch of the apparatus is given in figure 1. On one side of the lead ring, halfway between the helium vessels, the bulb of a gas thermometer was attached. In making attachments to the wire, both here and at the copper vessels, autogeneous welding was employed to avoid con tamination of the lead, and care was taken to see th at the diameter of the wire suffered no diminution in the process, since this would affect the value of the persistent currents. The bulb of the gas thermometer had a capacity of 7*5 c.c. and was filled with helium gas. Variations of the temperature of the bulb were observed by mea suring the pressure of the gas with the butyl-phthalate manometer (M), connected to the bulb by a fine german-silver capillary (Mendelssohn & Pontius 1937) . The copper vessels were enclosed in a vacuum jacket immersed in liquid hydrogen, and a temperature gradient was maintained in the lead ring by allowing the helium in the vessels to boil under different pressures.
Helium was liquefied in the two copper vessels by the expansion method. The temperature of the upper vessel was then reduced by pumping off the helium through a strong pump, through a device which has previously been described in detail (Mendelssohn 1936) , whereby the temperature can be automatically maintained constant to at least 0-001 °. The lower helium vessel was allowed to boil at atmo spheric pressure, the evaporating gas being collected in a gasometer. I t was found necessary to supply heat to this lower vessel by means of a heating coil in order to compensate for the loss of heat to the upper and colder vessel. If no heat was supplied, gas from the gasometer would flow back into the lower helium vessel, and being inadequately precooled, it would cause a rapid evaporation of the liquid. The temperatures of the two vessels were deduced from measurements of the helium vapour pressure in them. The filling of the gas thermometer was made when both helium vessels were at 4*2° K. After filling, the taps Tx and T2 were closed so th a t the communicated only to one limb of M, the dead space 17 c.c. The other limb was connected to the 4-51. bottle shown in figure 1 which was thermally shielded and effectively maintained the pressure constant on this side of the manometer. In the particular experiment described in this paper the therm o meter was filled to a pressure of 26 cm. of Hg a t 4-2° K, and the upper helium vessel was maintained at 3*05° K, the lower one being a t 4-2° K. The temperature of the thermometer bulb was therefore approximately 3-6° K. In order to calculate the temperature changes of the bulb per cm. deflexion of the manometer, corrections were applied both for the dead volume and the pressure change, but the errors due to thermal diffusion and to the departure of the gas from ideal conditions were neglected, as only small tem perature differences were considered. Under these conditions the temperature change per cm. change of pressure difference on the manometer was 1*2 x 10~2 degree. As the error in the average value of a number of measurements of pressure difference was about 0-25 mm., the maximum sensitivity of the instrum ent to temperature changes was 3 x 10-4 degree.
Persistent currents were set up in the lead ring by bringing up an electromagnet, generating a field greater than the threshold field over the whole area of the ring, so th a t the lines of force cut the lead ring normally, and then removing it. The existence of a strong persistent current running in the ring was readily tested by a simple magnetometer. Observations of the temperature in the bulb were made while these persistent currents were switched on and off.
R e s u l t s
The lead ring was cooled in zero magnetic field and then the temperature of the helium vessels was kept constant. Figure 2 shows the reading of the gas thermometer pressure in M after it had settled previously to a constant value of 5*25 cm. At minute 2 the magnetic field was switched on and off, thereby starting a persistent current in the ring. During this process the ring became for a moment normally conducting and Joule heat was developed for a short time. This is clearly shown in the figure where at minute 3 the pressure difference rose to 6-7 cm., indicating an abrupt rise in temperature. As time went on (minutes 6-9) the thermometer settled down again to a temperature corresponding to a pressure difference of 5-25 cm. At minute 9 the magnetic field was again switched on and off but in the reverse direc tion. By doing this a persistent current was induced in the ring in the opposite direction to the previous one. Here again an abrupt rise in tem perature occurred owing to momentary Joule heating, and by minute 13 the pressure difference had again settled down to 5-25 cm. The circles about each plotted point indicate the probable error in reading. The graph also demonstrates the speed with which the system, including the gas thermometer, responded to changes in temperature. The pressure difference of 5*25 cm. was maintained without change for a further 25 min. after minute 15. This shows not only th a t the temperature distribution in the ring remained unchanged but indicates as well the constancy of the whole arrangement and particularly of the vapour pressure regulator. I t is clear from the above result and from many similar confirmatory experiments th a t no permanent change in the distribution of tem perature along the lead wire occurs when a persistent current is established in it or when the direction of this current is reversed. That means th a t within the error of measurement the coefficient of the Thomson heat in superconductors is zero.
The sensitivity of our determination of the Thomson heat was calculated in the following way. If cr is the coefficient of the Thomson heat in a metal, the equation for the distribution of temperature along a wire of this metal is
where A is the cross-sectional area of the wire, K its therm al conductivity, i the current flowing and dT/dx the temperature gradient. Let A T be the difference in temperature a t the middle of the wire caused by a change of i from 0 to = then, if cr is small, one obtains from (2)
where Tx and T2 are the temperatures a t the ends of the wire of length l. The value of the intensity of the persistent current can be obtained from Silsbee's (1916) 
where Hc is the threshold field in gauss corresponding to the highest temperature a t which any part of the ring is maintained, and r the radius of the wire. In our case Hcfor 4*2° K is 550 gauss and consequently i = 190 amp. Putting in the values given earlier for the various parameters and taking as the mean value of the thermal conductivity of lead a t these temperatures 1 w./cm./degree (Bremmer & de Haas 1936) , then from (3) a = 3-1 x 10~5A T volts / degree.
In our experiment no change in temperature was observed for a change in i from 190 to -190 amp. Noting this fact and using the minimum detectable change in temperature of 3 x 10-4 degree, as given earlier, we obtained from (5) the result th a t the maximum value of cr could not be greater than 4 x 10~9 V/degree. This upper limit is 500 times smaller than the value of the Thomson coefficient of lead just above the transition point (Borelius et al. 1932) . A very rough estimate of the Thomson coefficient which might have been caused by the number of superconductive electrons calculated below and the apparent electronic specific heat a t 4° K gives a value a thousand times larger than the observed upper limit.
D is c u s s io n
The fact th at the Thomson heat of a persistent current is zero, allows certain conclusions to be drawn regarding the transfer of thermal energy between the crystal lattice on the one hand and the superconductive electrons on the other hand. I t clearly shows th a t no heat is given out or taken up by the electrons in the persistent current. This leads to an im portant conclusion.
Assume th a t a t absolute zero a persistent current is started in a superconducting ring and then warmed gradually. From .the results it must be concluded th a t the electrons taking part in this current remain in the same thermal state they had a t absolute zero, since they have had no opportunity of taking up thermal energy.* This means th at the electrons which carry the persistent current remain energetically a t absolute zero although the metal as a whole is raised to finite temperatures. In the phenomenon of superconductivity one therefore deals with translatory move ment of electrons in the lowest state of thermal energy which retains its pecu liarities a t temperatures above absolute zero because no interaction exists between the electrons engaged in this movement and the rest of the metal.
On the other hand, as the temperature of the ring is raised, the strength of the persistent current continually decreases, and it is reasonable to ascribe this decrease of the * current threshold ' with increasing temperature to a decrease in the number of superconductive electrons. The electrons which leave the state of lowest thermal energy during warming up will regain thermal interaction with the lattice and must then take up a certain amount of energy, E, which can be regarded as an excitation energy. This excitation is spread out over a temperature interval from absolute zero to the transition point, and it must contribute to the total specific heat of the substance in this temperature interval. This contribution, CE, is
where N is the number of excited electrons per mole of the substance at the tem perature T. By thus regarding the observed excess specific heat as being due to an excitation process from a state which is not in direct thermal interaction with the rest of the substance it is unnecessary to postulate any thermal interaction between a system of superconductive electrons taking part in persistent currents and the lattice. Such an interpretation of the electronic specific heat of superconductors * The possibility that the electrons during this process of warming up change in and out of the persistent current and take up energy while they are not in the current, can evidently be excluded in view of the fact that such a process should cause a Thomson heat.
has been suggested by us previously (Daunt, Horseman & Mendelssohn 1939 ) ^ connexion with magnetic determinations of the therm al data, and it is sustained by the observation of zero Thomson heat. I t is unfortunately not possible without a more detailed picture of the mechanism of superconductivity to make any accurate evaluation of the energy E (which of course is a function of both N and T) occurring in the above equation. The value of E will clearly depend not only on the distribution of energy levels occupied by the superconductive electrons but also on those available to the excited electrons. One can, however, predict merely by thermodynamical considerations w hat the electronic specific heat of the superconductive state, as represented by equation (6), must be. In a previous paper (Daunt, Horseman & Mendelssohn 1939) we have derived, making the simplifying assumption th a t the threshold curves are parabolas (a fact well borne out in practice for most superconductors), an interesting relation between the threshold field a t absolute zero, H0, the transition temperature, Tc, the atomic volume, V, and the coefficient of the Sommerfeld electronic specific heat, y, By substituting the value of y given by equation (7) in the formula for the elec tronic specific heat of the superconductive state, Cs , which has been derived pre viously (Daunt, Horseman & Mendelssohn, 1939) , one gets This result, giving the specific heat of the superconductive electrons as a T 3 function, is of interest, and is borne out by calorimetric experiments on tin (Keesom & van Laer 1938) . The existence of such a relation between the threshold curve and the specific heat of a superconductor was suspected by Kok (1934) , who found it necessary, however, to treat them as independent functions.
The whole mechanism of superconductivity as revealed by the experiment described in this paper seems to imply the existence of a gap in the energy distribu tion between the lowest state occupied by the superconductive electrons and the higher states to which they can be. thermally excited. A tentative and empirical model of such an electronic energy spectrum which would be in accord with our experimental result is given in figure 3 . A continuous band of energy states (A) is divided by a gap ( e) from another band of higher states (B). The width can be estimated from the transition temperature of superconductors as being of the order of 4 x 10~4 eV. At absolute zero A is filled and is occupied completely. There are no electrons in B and no unoccupied states in A . T hat means th a t the gap forms the upper limit of the Fermi distribution function (figure 4). A magnetic field splits up the states which form the limits of the gap, narrowing it down until it (? ) ( 
8)
The energy spectrum of a superconductor closes when the upper limit of A and the lower limit of B overlap. The field strength at which this occurs is the threshold field. Energy quanta smaller than e cannot result in an increase of thermal energy of the electronic system; energy supplied by a field smaller than the threshold field results in a current, but the kinetic energy of such a current cannot be dissipated unless the gap is bridged. The resistance-free current is thus composed of electrons in the metastable states near the lower limit of the gap. When the field is removed, these states disappear without dissipation of energy. The assumption th a t B is completely unoccupied at absolute zero is strongly supported by the observation th at at low temperatures the electronic entropy of a superconductor is practically zero (Daunt, Horseman & Mendelssohn 1939), i.e. th at there are no electrons in states contributing to a Sommerfeld specific heat.
An experiment on the mechanism of superconductivity 233 As the temperature is raised, electrons from A are lifted over the gap into B, and in each case the excitation energy has to be supplied. The experiments indicate th at as B fills up, the magnetic field necessary to bridge the gap decreases until a t the transition point it becomes zero. When this temperature is reached, the gap is permanently bridged and the phenomenon of superconductivity has disappeared. The progressive bridging of the gap with rising temperature is due to the increase in the proportion of heat quanta which are large enough to lift electrons from the lower into the upper band, until at the transition point the gap has become in significant. This conception agrees well with the observed fact th at the change of state at the transition point is a gradual one (of the second order) and does not involve a latent heat. On the other hand, when the gap is bridged by the threshold field below the transition point, small energy quanta can be taken up, the absorption of which was formerly prevented by the gap. A redistribution of occupied states occurs which manifests itself in a latent heat of transition.
The shape of the specific heat curve depends on the density of states above and below the gap and on the change of population of these states with temperature.
As pointed out in the preceding section, nothing can be said about these questions without further assumptions. I t may, however, be possible to deduce detailed features of the suggested term system from an analysis of the experimentally deter mined specific heats. Closely connected with this problem is the question whether the redistribution of occupied states is completed a t the tem perature a t which the electric resistance reappears. Any such rearrangement will be reflected in the specific heat above the transition point, but calorimetric measurements are un fortunately not very sensitive for small electronic redistributions. We have found, indeed, th a t certain indications of a more gradual change between superconductive and normal state are given by the broadening of the transition region in alloys (Mendelssohn 1935) and even in pure lead (Daunt 1939) as well as by the increase of the thermal conductivity of lead abo\e the threshold field (Mendelssohn & Pontius 1937) . Such a redistribution may also be the reason for the unexplained change in the thermoelectric forces of superconductors above the transition point (Keesom & M atthijs 1938) . Lastly, one may ask w hat would happen if the gap were near but not coincident with the upper limit of the Fermi distribution. I t seems possible th a t one may encounter in such a case an anomaly in the specific heat without disappearance of the electrical resistance. Perhaps this type of term system which lies half-way between th a t of a superconductor and th a t of a normal metal is responsible for the peculiar anomaly in the specific heat of beryllium found by Cristescu & Simon (1934) . These authors suggest th a t the small heat content (0 5 x 10_4RT) indicates the electronic character of this anomaly. Its tem perature (11° K) is just above the highest known transition point of an element.
I t must be emphasized th a t the picture given here does not constitute a ' theory ' of superconductivity since we cannot give any theoretical reason for the existence of a term system as th a t represented in figure 3. If it really exists, it will most likely, as we have pointed out above, be caused by electron interaction.* We have merely tried to construct an electronic energy spectrum which is in accord with the experi mental results of this and previous work. The conclusion we reach is th a t a super conductor is a metal in which the upper limit of the Fermi distribution a t absolute zero is marked by a gap in the energy spectrum.
The number of superconductive electrons
I t appears from our empirical model th a t the number of superconductive electrons must be th a t number which can be maintained by a magnetic field in metastable states within the gap without closing it completely. This number is evidently highest a t absolute zero and decreases with increasing tem perature until a t the transition point the last superconductive electron disappears. The filling of the gap corresponds to the transformation of the superconductive phase of the metal into the normal phase by the application of the threshold field. An estimate of the number of super conductive electrons a t absolute zero can therefore be made by equating the total energy A U of the phase change, which is given by the number of superconductive electrons times the energy difference of the gap (~JcTc), with the difference of free energy A F between the two phases. The latter has been shown (Gorter & Casimir 1934) to be a function of the threshold field. Thus A n experiment on the mechanism of superconductivity 235
or by substituting from (7) yTc n = (11) where n is the number of superconductive electrons. By making use of the wellestablished experimental values of Tc and y, the following approximate values are obtained for n:
lead 6 x 10~*N0, mercury 2 x 10 _4A0, tin 2 x 10 ~*N0, thallium 1 x 10_4iV0, niobium 4 x 10-3iV^0, where N 0 is Avogadro's number. We must thus conclude th a t the number of electrons which are capable of frictionless transport is only about one-thousandth or less of the number of atoms. The number of superconductive electrons affects the depth A to which a magnetic field can penetrate into a superconductor (Becker, Heller & Sauter 1933; F. & H. London 1935) *-ys-«* where e, m and c have their usual significance. This depth, if calculated with our estimate of n, comes to about 10~4 cm. in lead. Experiments on thin lead wires carried out in this laboratory (Pontius 1937) have indeed shown th a t the magnetic threshold value begins to be affected at dimen sions below 5 x 10-4 cm. Calculations by von Laue (1938; cf. Burton et al. 1940, p. 307) based on these experiments lead to a value of 2 x 10-5 cm. for A. More recent work by Appleyard, Bristow, H. London & Misener (1939) on evaporated mercury films also indicates a depth of penetration of ~ 2 x 10~5 cm., whereas this depth would be of the order of 10~6 cm. if n were equal to Avogadro's number. Our rela tively low values for n and high values for A are possibly due to the crude nature of the approximation for A U.
Superconductivity and liquid helium
We have recently drawn attention to a striking similarity between the phenomeno logy of superconduction and th at of liquid helium n (Daunt & Mendelssohn 1942 ). This analogy is strengthened by the results of the present work. The superconductive electrons which remain energetically a t absolute zero have their counterpart in ' superfluid ' helium atoms, occupying the lowest energy state. The existence of such thermally unexcited helium atoms has been demonstrated by us directly (Daunt & Mendelssohn 1939 a, 6 ), when we could show th a t an increase in concentration of these superfluid atoms by surface transport resulted in a -decrease of temperature.* This suggests th a t the anomalous specific heat of liquid helium n can also be explained as being due to an excitation energy which is required to lift helium atoms from the lowest energy state over a gap in the energy spectrum into a band of overlapping states. We can therefore propose a term system for a helium atom (figure 5) which is very similar to th at suggested for a superconductor (figure 3), except that the band A is replaced by a single state.f Again, it implies th at particles in the ground state are unable to dissipate energy quanta which are too small to bridge the gap. The action of an external force can therefore result here, as in superconductors, in the phenomenon of frictionless transport.
In this connexion F. London's (1938) attem pt to explain liquid helium n in terms of the Bose-Einstein condensation phenomenon deserves particular attention. He finds th at the original model which refers to an ideal gas does not provide for the discontinuity in the specific heat which has been observed in liquid helium. The discrepancy is explained by the fact th a t the interaction between the helium atoms, unaccounted for in the ideal gas, will affect the density of the lowest energy states. By working backwards from the observed specific heat of helium and trying to find a modification which produces a similar specific heat function in his theoretical model, F. London (1939) concludes th at the density of the lowest states must be decreased. Schiff (1941) , working under similar assumptions, actually suggests a gap of ~ 10~4 eV between the lowest state and a continuum of excited states. Landau (1941) arrives a t a similar conception by a different theoretical approach. I t is also worthy of note th at the population of the lowest state worked out by F. London from his model (1939, figure 7, cr = 5) is practically identica function of the number of helium atoms transferred in the. frictionless transport observed by us in helium 11 films (Daunt & Mendelssohn 1939a, figure 4, p. 445) .
The similarity of our models for superconductivity and liquid helium is a direct consequence of the similarity of the observed phenomena and indicates, as we have suggested when first drawing attention to this fact (Daunt & Mendelssohn 1942) , th a t we are faced with a special form of aggregation of m atter which follows similar rules irrespective of whether the particles in question are electrons or atoms. We can describe it quite generally as the aggregation of freely mobile particles of zero thermal energy. I t seems reasonable to speak of an 'aggregation', although neither in helium nor in superconductors are we entitled to speak of an increase in spatial order at the appearance of the new state. Its fundamental phenomenon, th at of * More recent observations by Kapitza (1941) have confirmed our result, f In the liquid as a whole we will again have a set of ground states. frictionless t r a n s p o r t , is evidently a manifestation not of the existence of a separate phase in co-ordinate b u t in momentum space.* However, when applying external forces, as for instance a magnetic field to a superconductor or gravitation to liquid helium n , the frictionless state reacts to this force as an independent aggregate, the particles of which do not exchange energy with the rest of the substance.f A n experiment on the mechanism of superconductivity I t is interesting to compare the entropy diagrams of the two phenomena since they afford a direct measure of the change in the state of order with temperature. In figure 6 we give the electronic entropy of lead as derived from our magnetic experi ments, and the entropy of liquid helium under saturation pressure as given by W. H. & A. P. Keesom (1934) . Again, the similarity is striking. Approaching from high temperatures there is a sudden drop but no discontinuity in the entropy when the first unexcited particles appear. The concave shape of th a t part of the curves which corresponds to the frictionless state indicates the bridging of an energy gap, and the similarity of the curves suggests th at there may also exist a certain similarity in the density of states in the neighbourhood of the gap. J A short comparison between the corresponding effects in superconductivity and liquid helium 11 has been given in our first communication; a detailed discussion of * F. London has used the term 'condensation in momentum space' for his particular model based on Bose-Einstein statistics which is, however, as he points out, not applicable to superconductivity.
f (Note added in proof. The analogy o f superconductivity and the A-phenomenon in helium has since been discussed in some detail (Mendelssohn 1945). It has been concluded that in both systems frictionless transport is caused by a diffusion of particles in thermally unexcited states under their zero point momentum. The effect of external forces is merely that of changing the momentum distribution in co-ordinate space).
% In order to obtain absolute values for the entropy we have extrapolated the curve for helium from the lowest experimental value at 1*3° K to absolute zero. We then arrive at the remarkable fact that the entropy of liquid helium 1 follows in first approximation a straight line which, when continued below the A-point, intersects the temperature axis at absolute zero. It is therefore in striking resemblance with the Sommerfeld electronic entropy of the normal electrons. This similarity, while it may be quite accidental, seems worth mentioning in connexion with the above considerations. The entropy under saturation pressure is in the region under consideration a near approach to the condition of zero external pressure.
the phenomenological similarity must be left to a later date. The advantage as well as the danger of such analogies is apparent in H. London's (1939) treatm ent of the heat conduction of liquid helium 11 in which he compares the process with the cir culation of electricity in a thermoelectric circuit. This analogy can be made closer by substituting a super-conductor for th a t metal which represents the superfluid helium flow, thus fulfilling the stipulated condition of zero Thomson heat. However, if one goes a step further and considers as in helium a circuit entirely of superconductive metal, part of which is rendered normal by a magnetic field, the analogy does not become perfect since no corresponding co-existence of normal and anomalous phase exists in liquid helium. One must therefore not expect, in spite of the general similarity, to find for each effect a completely corresponding one in the other phenomenon.
At first sight it may appear strange th a t particles obeying Fermi-Dirac statistics and particles obeying Bose-Einstein statistics should both aggregate in a similar way in the frictionless state. However, it has been pointed out by Lindemann (1932) th a t the two types of statistics refer each to a very much idealized case, and th a t the rigorous treatm ent of a set of particles as they occur in reality requires modifications to be introduced which may make a clear distinction between Bose-Einstein and Fermi-Dirac statistics somewhat illusory. He mentions in particular the facts th a t Bose-Einstein statistics deal with an ideal gas and th a t Fermi-Dirac statistics ignore the existence of mutual potential energy. As has been seen these are probably the main reasons why the theories have failed so far in explaining rigorously super conductivity and liquid helium n . The experimental evidence seems to show th a t the two systems, th a t of the free electrons and th a t of the helium atoms, indeed, resemble each other to a much larger extent than the different statistics applied to them appear to justify.
Co n c l u s io n
The main conclusion a t which we arrive as the result of the present experiment is the fact th at the electrons in a persistent current are always energetically a t absolute zero. We feel therefore justified in describing the phenomenon of superconductivity as due to a particular state of aggregation of freely mobile particles-in this case electrons-which has no thermal energy although the substance as a whole has a finite temperature. This aggregation results in a separate phase, however, only in momentum and not in co-ordinate space. Going a step further and trying to devise an electronic energy spectrum which would be in accord with the outcome of this and previous experiments we have tentatively suggested th a t a superconductor may be characterized by a gap in the energy spectrum which coincides with the upper limit of the Fermi distribution and th at the existence of such a gap leaves no alternative for freely mobile particles when subjected to external forces but to be lifted into metastable states in which no dissipation of energy is feasible.
There exists a striking similarity between the phenomena of superconductivity and liquid helium 11 which leads us to believe th at they are caused by very similar mechanisms. In both cases our experiments have revealed the existence a t finite temperatures of freely mobile particles-electrons and helium atoms respectively of zero thermal energy. I t also has been shown th at in both cases the characteristic phenomenon of frictionless transport is caused by these thermally unexcited particles. We conclude therefore th a t the particular state of aggregation of electrons which gives rise to superconductivity is a more general phenomenon which is shared by helium atoms. I t has to be pointed out th a t the evidence advanced by us so far for the existence of such a common mechanism is very fragmentary and can only serve as an indication of the lines on which progress in a solution of the problem migh t be made. A more thorough treatm ent of this question, which must involve the discussion of much experimental material, lies outside the scope of the present paper.
